L
ow-dose dopamine (LDD) is prescribed to increase renal blood flow (RBF) and attenuate or prevent renal ischemia [1] [2] [3] [4] [5] [6] without decreasing other vital organ blood flow. However, the benefits of LDD have been challenged. 7, 8 Norepinephrine has been used to induce acute renal failure in the animal and is, therefore, traditionally viewed as potentially injurious to the kidney 9 -11 and other vital organs because of its vasoconstrictive properties. Much caution, therefore, is recommended in its use. 12, 13 However, this view has been challenged. 14 -19 Accordingly, it remains controversial whether LDD can best increase RBF, urine output, and creatinine clearance without compromising blood flow to other vital organs. We therefore conducted a randomized, crossover, animal experiment and measured RBF and vital organ blood flow (sagittal sinus, coronary artery, mesenteric artery) during the infusion of LDD (2 g/kg/min), medium-dose norepinephrine (MD-NE) [0.4 g/kg/min], or placebo.
Materials and Methods

Animal Preparation
The local institutional Animal Ethics Committee approved this study. Seven Merino cross sheep weighing between 35 kg and 45 kg were procured for long-term instrumentation. The animals underwent four separate operative procedures for the placement of flow probes. The animals were induced with sodium thiopentone (15 mg/kg) for endotracheal tube placement (cuffed size 10). We maintained anesthesia by means of air, oxygen (initially set at a 0.5 fraction and then altered to maintain Pao 2 at approximately 100 mm Hg), and isoflurane (0.5 to 2%). Ventilation was controlled to maintain Paco 2 at approximately 40 mm Hg. Anesthetic management was the same for each operative procedure.
First, we performed an oophorectomy and fashioned bilateral carotid loops. We dissected 8 to 10 cm of mid-cervical carotid artery from the vagus, cervical sympathetic nerve, and minor blood vessels. The arteries were exteriorized below the carotid sinus baroreceptors, and the dissected arteries were enfolded in skin and sutured to form skin loops. We performed oophorectomy by ligation and removal of both intact ovaries via a midline laparotomy.
Secondly, we placed a sagittal sinus flow probe. The animal was placed in a stereotactic device (Howard Florey Institute; Melbourne, Australia). A longitudinal incision was made over the cranial vertex to expose the bregma, and craniotomy was then performed slightly anterior to the lambdoid suture to expose the dura mater and superior sagittal sinus. We made two longitudinal incisions on either side of the sinus for placement of the transit-time flow probe (4 mm) [Transonics Systems; Ithaca, NY]. We then covered the probe with silicone film and secured it in place with dental acrylic, which enveloped four stainless steel screws placed into the skull. The overlying skin was then closed. This technique has been previously described and validated as an accurate index of cerebral blood flow. 20 Flow probes were calibrated before insertion. By 1 week, the animal had fully recovered.
One week later, we performed a left-sided thoracotomy. We opened the pericardium to expose the heart and great vessels and placed a transit-time flow probe (3 mm) [Transonics Systems] around the circumflex artery, and an electromagnetic flow probe (20 mm) [In Vivo Metrics; Healdsburg, CA] around the ascending aorta.
Two weeks later, through a left-sided flank incision and retroperitoneal dissection, we exposed the superior mesenteric and left renal arteries and placed transit-time flow probes (6 mm and 4 mm, respectively) [Transonics Systems] around them. The animals were allowed to recover for 3 weeks. The use of long-term implanted transit-time flow probes has been previously validated. 21 The transit-time flow probes were connected to a flowmeter (T201CDS; Transonics Systems) via a four-channel sequential scanner (TM04; Transonics Systems). The electromagnetic flow (EMF) probes were activated by a Biotronex flowmeter (Biotronex; Kensington, MD). The output voltage of the EMF meter was reset to zero using an autozero circuit during a portion of diastole when blood flow in the ascending aorta is assumed to be zero. One month after implantation, the EMF probes were calibrated in vivo against thermodilution over a range of cardiac output (CO) values. Dobutamine was used to increase CO from approximately 4 to 9 L/min.
The day before experimentation, we inserted a carotid loop arterial Tygon catheter (inner diameter, 1.0 mm; outer diameter, 1.7 mm) [Cole-Parmers; Boronia, Australia] and two internal jugular venous polythene catheters (inner diameter, 1.2 mm; outer diameter, 1.7 mm) for the measurement of arterial and central venous pressures. The arterial and one venous cannula were connected to pressure transducers (TDXIII; Cobe; Lakewood, CO) tied to the wool on the back of the sheep. A correction factor was added in the data collection program to compensate for the height of the transducer above the heart.
Pressure transducers for the measurement of arterial pressure and central venous pressure were tied to the back of the sheep and were calibrated against a mercury and water manometer, respectively. A value to compensate for the height of the transducers above the heart was added to the pressure readings. To measure the height above the heart, the heart level was taken as 64% of the distance from the back to the sternum, which is the junction of the left atrium with the left atrial appendage. The sheep were allowed 2 weeks to recover. The second venous catheter was used as an infusion line. A urinary catheter was inserted for urine flow measurements and sample analysis.
Analog signals (mean arterial pressure [MAP], central venous pressure, CO, change in flow over change in time, regional flows) were collected using a personal computer data acquisition system using custom software written at the Howard Florey Institute. Data were collected at 100 Hz for 10 s at 10-min intervals throughout the experimental protocol.
Protocol and Measurements
On the day of the experiment, we observed the animals for a 2-h preinfusion baseline period and then randomized them to either LDD, MD-NE, or placebo (vehicle) infusion.
The animals received either IV LDD (2 g/kg/min), MD-NE (0.4 g/kg/min), or the vehicle (as placebo) at the same infusion rate for 6 h. The doses were chosen on the basis of previous descriptions of LDD, 7, 8 and the typical dose of norepinephrine reported for infusion in the critically ill. [12] [13] [14] The infusion was kept constant by means of peristaltic pump control (Perfusor; B. Braun; Melsungen, Germany). IV normal saline solution was administered to maintain central venous pressure constant (2 to 4 cm H 2 O). MAP, CO, heart rate [HR], sagittal sinus flow, coronary flow, mesenteric flow, and renal flow were measured continuously and recorded at 10-min intervals. Conductance was measured as the ratio between MAP and each regional flow. Urinary flow was measured continuously, and urine was sampled at 2-h intervals for analysis (Model 3CII Osmometer; Advanced Instruments; Needham Heights, MA). Arterial blood samples were collected for analysis of serum urea, creatinine, and elec- trolytes (Beckman; Brea, CA) at 0 min, 30 min, 60 min, 180 min, and 360 min during the observation period.
At the end of 6 h, the infusion was stopped. The animals were allowed to recover. The various catheters were removed. After 1 week, the animals were crossed over to one of the other arms of the study. After another week of rest, the animals were then crossed over to the remaining arm of the study.
Statistical Analysis
Data are presented as means with SDs. We used a Friedman test to detect any significant differences between placebo, LDD, and MD-NE infusion during the 6-h study period. We compared hemodynamics and RBFs between these three groups using the area under the curve method as described by Matthews et al. 22 If a difference was detected, subsequent direct comparison was performed using a Wilcoxon signed rank test. In this experiment, as the study period for each of the three treatments was the same, the mean value for each variable over the 6 h was used and presented as the statistical equivalent of the area under the curve. In addition, to better understand the determinants of regional organ flows, we conducted multivariate linear regression analyses including MAP, CO, total peripheral conductance (TPC), regional conductance, and using organ flow as the dependent variable. A p Ͻ 0.05 was considered statistically significant. Neither drug affected calculated systemic conductance (Fig 1) .
Results
Systemic Hemodynamic Effects
RBF and Urine Output
Compared to placebo, LDD increased RBF by 20% (267.3 Ϯ 87.6 mL/min vs 222.0 Ϯ 74.4 mL/min, p ϭ 0.028) and renal conductance by 20% (3.19 Ϯ 0.93 mL/min/mm Hg vs 2.65 Ϯ 0.83 mL/ min/mm Hg, p ϭ 0.028). MD-NE, however, increased RBF by 29% (286.5 Ϯ 79.0 mL/min, p ϭ 0.018) and renal conductance by only 8% (2.87 Ϯ 0.80 mL/min/mm Hg, p ϭ 0.018), suggesting that the increase in RBF was mostly secondary to increased renal perfusion pressure. There were no significant differences when LDD and MD-NE were compared. (Fig 2, top, a and b; Table 1 ). Compared to placebo, both LDD and MD-NE increased urine output (118.6 Ϯ 35.7 mL/h for LDD vs 228 Ϯ 105 mL/h for MD-NE vs 49.0 Ϯ 22.1 mL/h for placebo, p ϭ 0.018 in both comparisons) [Fig 2,  bottom, c] . On direct comparison, however, urine output was significantly higher with MD-NE than LDD (p ϭ 0.028). Compared to placebo, LDD did not affect creatinine clearance (80.6 Ϯ 11.8 mL/min vs 74.2 Ϯ 11.8 mL/min, p ϭ 0.091) (Fig 2, bottom,  d ). The change in creatinine clearance induced by MD-NE infusion just failed to achieve statistical significance (88.5 Ϯ 12.2 mL/min, p ϭ 0.067) [Fig 2,  bottom, d ]. There were no significant differences in creatinine clearance when LDD and MD-NE were compared directly (p ϭ 0.091).
Coronary Blood Flow
LDD did not change coronary flow or conductance compared to placebo. MD-NE infusion, however, increased coronary flow by 57% (36.0 Ϯ 15.7 mL/min vs 23.0 Ϯ 10.7 mL/min, p ϭ 0.018) with an associated 32% increase in coronary conductance (0.353 Ϯ 0.141 mL/min/mm Hg vs 0.268 Ϯ 0.121 mL/min/mm Hg, p ϭ 0.028). On direct comparison, the difference between MD-NE and LDD in coronary blood flow was statistically significant (36.0 Ϯ 15.7 mL/min vs 25.1 Ϯ 9.7 mL/min, p ϭ 0.028) [Fig 3, top, a and b; Table 1 ). Table 1 ]. Neither drug significantly affected lactate levels.
Mesenteric Flow
Sagittal Sinus Flow
Neither MD-NE nor LDD changed sagittal sinus blood flow (Table 1) .
Multivariate Analysis
For all of the four vital organ flows, CO, TPC, and each regional conductance were found to be independent determinants of regional blood flows on multivariate linear regression analysis. MAP approximated significance only for RBF (Table 2 ).
Discussion
We found that similarly to humans, in the sheep MD-NE increased MAP and CO, while LDD had no effect. LDD infusion, as expected, increased RBF, renal conductance, and urine output compared to placebo. Norepinephrine infusion at 0.4 g/kg/min (MD-NE), however, also increased RBF, renal conductance, and urine output. The increase in urine output was greater with MD-NE than LDD. MD-NE also increased coronary blood flow while LDD did not. Neither LDD nor MD-NE had major effects on mesenteric blood flow and conductance.
Systemic Effects
After a delay due to the time needed to transit through the central venous catheter, MD-NE infusion progressively increased MAP and CO, but LDD did not. These findings in systemic hemodynamics are in keeping with previous reports and are consistent with the known combined ␣-and ␤-adrenergic effects of norepinephrine and the lack of systemic hemodynamic effects of LDD. [1] [2] [3] [4] [5] [6] [7] [11] [12] [13] [14] [15] [16] [17] [18] [19] These systemic effects of norepinephrine were probably, in part, responsible for the changes in organ blood flow. In this regard, they paralleled the increase in RBF and urine output (Figs 1-4 ). This observation highlights the influence increasing both CO and perfusion pressure on RBF. Multivariate regression analysis further confirmed the importance of systemic hemodynamic changes in determining regional blood flows.
Renal Effects
LDD increased RBF, induced renal vasodilatation (as implied by increased conductance), and increased urine output (diuresis). These observations are consistent with numerous experimental observations. [23] [24] [25] [26] [27] However, MD-NE had similar effects. The mechanisms responsible for the increases in RBF, however, appeared different. The effect of LDD depended solely on changes in renal conductance, whereas the effect of MD-NE depended mostly on increased CO and renal perfusion pressure and only, in part, on changed renal conductance. These physiologic responses to norepinephrine are in keeping with previous experimental and human observations. 15-19,28 -30 For example, Anderson et al 30 suggested that increased BP, CO, and an effect on renal sympathetic tone (local sympathetic systemmediated renal vasodilation in response to increased BP) might be responsible for increased RBF and urine output during norepinephrine infusion.
Coronary Blood Flow
LDD did not affect coronary blood flow, while MD-NE infusion increased it by 57%. Previous animal experiments 31, 32 have shown that dopamine does not affect coronary blood flow. Our results are consistent with these reports. Previous studies of the effect of norepinephrine on the coronary circulation or on blood flow in coronary artery grafts have demonstrated either a limited effect or a significant increase. 33, 34 In our animals, MD-NE also increased coronary conductance. It is unclear whether this represents a direct vascular effect or a response of the coronary circulation to the ␤-adrenergic receptor induced increase in CO and myocardial oxygen demand.
Mesenteric Blood Flow
Neither LDD nor MD-NE affected mesenteric blood flow. LDD might be expected to affect mesenteric blood flow because mesenteric dopaminergic receptors have been documented in mammals. 35 However, their ability to respond to stimulation with vasodilatation remains untested. Our findings suggest that their stimulation does not induce significant mesenteric vascular changes. They are consistent with the findings of Pearson et al, 36 who were unable to show mesenteric vasodilatation with LDD infusion in piglets. In fact, mesenteric dopaminergic stimulation may be dangerous during shock. Using a hemorrhagic shock model, some investigators have reported evidence of mesenteric ischemia during LDD infusion. 37 Previous experimental studies 38, 39 of the effect of norepinephrine on the mesenteric circulation conducted in vasodilated septic animals found that norepinephrine neither increased nor decreased mesenteric blood flow.
Finally, we found no significant changes in sagittal sinus flow during the drug infusions. It is likely that, within the autoregulatory range, cerebral blood flow is not altered by the administration of these two vasoactive drugs.
Our study has some limitations. First, we used normal animals. Our results might not apply to animals in other physiologic or pathologic states. However, in our opinion, testing of drugs in normal animals should represent the necessary first experimental step before moving to tests in other pathophysiologic conditions. In addition, data in normal animals are necessary to understand how the effect of a medication is altered by disease. Furthermore, if norepinephrine has no deleterious effect on renal, mesenteric, and coronary blood flow in the normal animal, it seems unlikely that it would have a deleterious effect in the setting of severe vasodilatation. We did not measure any dose-response relationship between drugs and regional flows and cannot say what different doses of norepinephrine might do to regional flows. However, we selected the typical norepinephrine and LDD doses reported in the literature, 7, 18, 19 and studied their effects over a prolonged period. In particular, the 20% increment in MAP obtained with MD-NE is similar to the kind of effect considered desirable in critically ill patients. [17] [18] [19] Nonetheless, higher doses of norepinephrine might induce significantly different effects on vital organ blood flow. Some of our findings might be species specific. This is of course inherent to any animal study. The fact that similar observations 29, 36 to ours have been made in dogs and piglets suggests that our observations might apply across different species. Finally, our observations in normal sheep suggest the need to extend our work to shock states, to dose-titration studies, and to include investigations of other frequently used vasoactive drugs such as vasopressin, epinephrine, and phosphodiesterase-III inhibitors.
In conclusion, although both LDD (2 g/kg/min) and MD-NE (0.4 g/kg/min) increased RBF and urine output, the effect of MD-NE was more pronounced. Neither drug had an effect on mesenteric blood flow. However, MD-NE increased coronary blood flow and CO. These observations suggest that the administration of MD-NE might be at least as physiologically rational as that of LDD.
